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1. INTRODUCTION 

T h i s  r e p o r t  p r e s e n t s  t h e  r e s u l t s  of t h e  las t  f o u r  months '  s tudy  

des igned  t o  show t h e  f e a s i b i l i t y  of producing r a d i a t i o n  resistant 

s i l i c o n  s o l a r  c e l l s  by t h e  use of a graded base  s t r u c t u r e .  

Methods of f a b r i c a t i o n  of both n on p and p on  n graded  base  ce l l s  

are d i scussed  and t h e  r e s u l t s  of e f f i c i e n c y  measurements a t  sea level 

and on Table  Mountain are presented .  

The r e s u l t s  of bombarding t h e  ce l l s  w i t h  1 M e V  e l e c t r o n s  are 

shown and a r e  compared w i t h  the r e s u l t s  by bombarding n on p ce l l s  

having  a uniform base r e g i o n  of 25 ohm cm r e s i s t i v i t y .  

The r e s u l t s  of exper iments  designed t o  measure t h e  presence  of 

a n  e l ec t r i c  f i e l d  i n  t h e  base r eg ion  of t h e  graded base  ce l l s  by 

car r ie r  t r a n s i t  t i m e  measurements are  g iven .  

The r e s u l t s  of t h e o r e t i c a l  work are given. 

2080 -1R - 2 1 



2. DEVICE THEORY 

A s t a r t  h a s  been made on a r i g o r o u s  a n a l y s i s  of t h e  e f f e c t s  of 

1 
e l e c t r i c  f i e l d  i n  t h e  base r e g i o n  o f  t h e  c e l l .  The approach w e  

have used i s  t h a t  g iven  by Kleinman . 
We have i n v e s t i g a t e d  t h e  s o l u t i o n s  t o  t h e  t r a n s p o r t  e q u a t i o n  

.-I 

f o r  t h e  c a s e  of a n  e l ec t r i c  f i e l d  i n  t h e  base  r eg ion .  (Note: The 

n o t a t i o n  used i s  t h a t  of Kleinman). U n f o r t u n a t e l y  t h i s  case w a s  

n o t  cons idered  by Kleinman i n  h i s  a n a l y s i s .  

I n  de te rmining  theboundary  c o n d i t i o n s  f o r  t h e  s o l u t i o n  o f  t h e  

equat ion ,  it w a s  assumed t h a t  a t  t h e  j u n c t i o n  t h e  m i n o r i t y  c a r r i e r  

d e n s i t y  was z e r o  and t h a t  t h e  c e l l  t h i c k n e s s  w a s  l a r g e .  

Since a n  a n a l y t i c  s o l u t i o n  cannot  be ob ta ined  due t o  t h e  n a t u r e  

of t h e  f u n c t i o n s  N(h) and cx ( A )  t h e  problem was set  up f o r  s o l u t i o n  

on a n  IBM 1620 computer. The c o l l e c t i o n  e f f i c i e n c y  of carr iers  

genera ted  i n  t h e  base r e g i o n  of t h e  c e l l  i s  shown i n  F i g u r e  1 as a 

f u n c t i o n  of d i f f u s i o n  l e n g t h  (L  =m) f o r  f o u r  v a l u e s  of f i e l d  i n  

a c e l l  w i th  a j u n c t i o n  depth  of 0 . 5 ~ .  

i n v e s t i g a t e d  w a s  5-200~ and t h e  f i e l d s  were 0, 20, 40, 100 and 

200 vol ts /cm.  

The range  o f  d i f f u s i o n  l e n g t h s  

D.A.  Kleinman - Cons ide ra t ions  on t h e  S o l a r  C e l l ,  B.S.T.J. 40, 
p. 85, January  1961. 

1 
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It may be seen t h a t  t h e  c a l c u l a t i o n  l e a d s  t o  t h e  somewhat 

puzz l ing  conc lus ion ,  t h a t  f o r  longer  d i f f u s i o n  l e n g t h s  i n c r e a s i n g  

f i e l d s  decreased t h e  c o l l e c t i o n  e f f i c i e n c y !  A f t e r  c a r e f u l  checking  

w e  have been unable t o  d i s c o v e r  any e r r o r s  i n  t h e  mechanics of t h e  

c a l c u l a t i o n  and i t  m u s t  t h e r e f o r e  be assumed t h a t  e i t h e r  t h e  r e s u l t  

i s  i n  f a c t  v a l i d  o r  t h a t  our cho ice  of boundary c o n d i t i o n s  i s  

i n v a l i d .  

2080 -1R- 2 4 



3. CELL FABRICATION 

3 . 1  N on P Cells 

F a b r i c a t i o n  of n on p cel ls  h a s  con t inued  us ing  t h e  same 

processes  as desc r ibed  i n  e a r l i e r  r e p o r t s .  By improvements of 

measuring techniques ,  i t  has proved p o s s i b l e  t o  o b t a i n  meaningful 

measurements of t h e  impur i ty  d i s t r i b u t i o n  i n  t h e  base r e g i o n  sub- 

sequen t  t o  t h e  deep base d i f f u s i o n .  F i g u r e  2 shows t h e  r e s u l t s  

of such a measurement us ing  t h e  normal pa in t -on  t echn ique  which 

h a s  been d e s c r i b e d .  I t  w i l l  be seen t h a t  t h e  s u r f a c e  c o n c e n t r a t i o n  

i s  approximate ly  3 x lo1’ cm3. 

ob ta ined  on a number of d i f f e r e n t  runs .  

de te rmine  t h e  e f f e c t s  of i n c r e a s e d b o r o n  c o n c e n t r a t i o n .  

c o n c e n t r a t i o n  w a s  ob ta ined  by i n c r e a s i n g  t h e  c o n c e n t r a t i o n  of B 0 

i n  t h e  p a i n t  which i s  a p p l i e d  t o  t h e  s u r f a c e  as t h e  dopant p r i o r  

t o  d i f f u s i o n .  

t a k e n  a f t e r  such a d i f f u s i o n .  It w i l l  be seen t h a t  t h e  s u r f a c e  

c o n c e n t r a t i o n  has  i n c r e a s e d  by approximate ly  an o r d e r  of magnitude. 

It i s  n o t  p o s s i b l e  t o  t e l l  whether t h e  a p p a r e n t  p o i n t  of i n f l e c t i o n  

i n  t h e  curve  r e a l l y  e x i s t s  o r  i s  due t o  d i f f i c u l t i e s  of measurement. 

This r e s u l t  i s  t y p i c a l  of t h o s e  

An a t t e m p t  w a s  made t o  

The h i g h e r  

2 3  

F i g u r e  3 shows t h e  r e s u l t s  of t h e  i m p u r i t y  p r o f i l e  

It w a s  n o t  p o s s i b l e  t o  f a b r i c a t e  cells  from t h i s  more 

h e a v i l y  doped material  due t o  t h e  f a c t  t h a t  t h e  v e r y  h i g h  concen- 

t r a t i o n  of boron caused c o n s i d e r a b l e  c r y s t a l l i n e  s t ra in ,  and it w a s  

n o t  p o s s i b l e  t o  o b t a i n  smooth e tched  s u r f a c e s  on t h e  s l ices  which 

had been sub jec t ed  t o  t h i s  d i f f u s i o n  t r ea tmen t .  

From t h e  resul ts  shown i n  F i g u r e s 2  and 3 t h e  e l e c t r i c  f i e l d  

i n  t h e  base  r e g i o n  of t h e  c e l l  was c a l c u l a t e d .  Due t o  t h e  u n c e r t a i n t i e s  

2080 - I R  - 2 5 
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i n  t h e  measurements t h i s  c a l c u l a t i o n  w a s  a t  b e s t  an  approximate 

e s t ima te ,  and showed t h a t  i n  t h e  case of t h e  h i g h e r  doped c e l l ,  a n  

i n c r e a s e  i n  t h e  average  e l e c t r i c  f i e l d  i n  t h e  base  r e g i o n  by a t  most 

20$ was obta ined .  S ince  t h i s  i s  a marg ina l  i n c r e a s e ,  it w a s  dec ided  

n o t  t o  pursue t h e s e  exper iments  f u r t h e r .  

3 . 2  P on N C e l l s  

A s  a r e s u l t  of a sugges t ion  by t h e  t e c h n i c a l  moni tor ,  i t  w a s  

dec ided  t o  f a b r i c a t e  graded base p on n c e l l s  and s u b j e c t  them t o  

i r r a d i a t i o n .  The o b j e c t  of t h e  exper iment  w a s  t o  de te rmine  whether  

graded base p on n c e l l s  e x h i b i t e d  an  improvement i n  performance com- 

pared wi th  uniform base p on n c e l l s .  I f  t h i s  were so  it would be 

conf i rmatory  evidence a s  t o  t h e  v a l i d i t y  of t h e  graded  base concept  

i n  producing r a d i a t i o n  r e s i s t a n c e  i n  s o l a r  c e l l s .  

The p rocesses  r e q u i r e d  f o r  t h e  f a b r i c a t i o n  of graded  base 

p on n c e l l s  were t h e r e f o r e  developed.  These p rocesses  are e s s e n t i a l l y  

similar t o  those  used f o r  t h e  n on p c e l l s  w i t h  t h e  a p p r o p r i a t e  i n t e r -  

change of dopants  f o r  t h e  d i f f u s i o n  p rocesses .  S t a r t i n g  material  i s  

15 ohm cm N-type s i l i c o n .  The graded base  r e g i o n  was produced by 

p re -depos i t i ng  phosphorous onto  t h e  s l ices .  A P 0 source  w a s  h e l d  

3OO0C and t h e  s l i ce s  were h e l d  a t  a tempera ture  of 1O5O0C f o r  a 

per iod  of t h i r t y  minutes .  The dopant w a s  c a r r i e d  t o  t h e  s l ices  i n  

a stream of d r y  n i t rogen .  The p re -depos i t ed  l a y e r  w a s  t hen  d r i v e n  i n  

by d i f f u s i o n  a t  a tempera ture  of 125OoC f o r  100 hours .  Impur i ty  

p r o f i l e s  were determined and r e p r e s e n t a t i v e  examples are shown i n  

F i g u r e s  4 and 5 .  S l i c e s  were t h e n  lapped t o  a t h i c k n e s s  of 4 m i l s  

and t h e  p-type r eg ion  was produced by c a r r y i n g  o u t  a d i f f u s i o n  a t  

a temperature  of 1O5OsC f o r  12  minutes  us ing  B 0 as  a source .  Sub- 

sequent  process ing  was i d e n t i c a l  t o  t h a t  d e s c r i b e d  e a r l i e r  f o r  t h e  

n on p type c e l l s .  

2 5  

2 3  

One ba tch  of p on n ce l l s  w a s  f a b r i c a t e d  and gave e f f i c i e n c i e s  

between 8 and 9$.  These c e l l s  were submi t ted  t o  e l e c t r o n  r a d i a t i o n  

and t h e  r e s u l t s  w i l l  be d i s c u s s e d  i n  a subsequent  s e c t i o n .  

2080 - I R - 2  8 
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4. CELL TESTING 

4 .1  T r a n s i t  Time Experiments 

An experiment  w a s  c a r r i e d  ou t  des igned  t o  measure t h e  

t r a n s i t  t i m e  of carr iers  i n j e c t e d  i n t o  t h e  back of a ce l l .  It w a s  

expec ted  t h a t  by t h i s  means i t  would be p o s s i b l e  t o  v e r i f y  t h e  

e x i s t e n c e  of a n  e l e c t r i c  f i e l d  i n  t h e  base  r e g i o n  of t h e  c e l l  

d r i v i n g  t h e  i n j e c t e d  m i n o r i t y  carriers towards the junc t ion .  I f  

t h e  case of a 6 f u n c t i o n  of i n j e c t e d  carr iers  i s  cons ide red ,  it 

can  be shown t h a t  t h e  t r a n s i t  t ime t f o r  t h e  i n j e c t e d  carr iers  t o  

move a d i s t a n c e  W i s  g iven  by Eq. (1) . 2 
,I 

w ?r 
4D t =  

where 

D i s  t h e  d i f f u s i o n  c o e f f i c i e n t  of t h e  i n j e c t e d  carriers. 

For  e l e c t r o n s  i n  a l a y e r  of p-type s i l i c o n  100 microns t h i c k ,  t h i s  

t r a n s i t  t i m e  i s  2.6 microseconds.  S ince  it i s  expec ted  t h a t  t h e  

e l e c t r i c  f i e l d  in t roduced  i n t o  the  base  r e g i o n  by t h e  d i f f u s i o n  of 

i m p u r i t i e s  w i l l  reduce t h e  t r a n s i t  t i m e  t o  1 microsecond o r  less . 
It should  be p o s s i b l e  t o  d i s t i n g u i s h  between t h e  f i e l d  and n o n - f i e l d  

c a s e  by i n j e c t i n g  carriers i n t o  t h e  back of t h e  c e l l  and measuring 

t h e  t i m e  r e q u i r e d  f o r  them t o  a r r i v e  a t  t h e  junc t ion .  The method 

used of i n j e c t i n g  t h e  car r ie rs  was t o  use  pho to - in j ec t ion ,  and t h e  

s e t u p  i s  shown d iagrammat ica l ly  i n  F i g u r e  6 .  The c e l l  under 

3 

A .  K. Jonscher  " P r i n c i p l e s  of Semiconductor Devices  Operation",  
p.68, Wiley, 1960. 

EOS Progres s  Report  f o r  November 1961, 2080-ML-1 

2 
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t e s t  w a s  i l l u m i n a t e d  w i t h  a p u l s e  of l i g h t ,  1 microsecond long  

us ing  a Kerr c e l l  s h u t t e r  a s  a means of producing t h e  pu l se .  The 

d e v i c e  t o  be t e s t e d  w a s  p repared  by t a k i n g  a p o r t i o n  of a s o l a r  

c e l l  and e t c h i n g  a mesa approximately 2 rmn i n  d i ame te r  on t h e  f r o n t  

s u r f a c e  of t h e  ce l l .  P r e s s u r e  c o n t a c t s  were made t o  t h i s  d iode  

s t r u c t u r e  which could  be i l l umina ted  e i t h e r  from t h e  f r o n t  o r  t h e  

back by r e v e r s i n g  t h e  d iode  i n  i t s  ho lde r .  The measurement c i r c u i t  

i s  shown i n  F igu re  7 .  Due t o  t h e  f a c t  t h a t  t h e  Kerr c e l l  r e q u i r e d  

35 KV p u l s e s  t o  o p e r a t e  i t ,  it w a s  necessa ry  t o  s h i e l d  the complete  

c i r c u i t  shown i n  Fig.  7 v e r y  c a r e f u l l y  i n  o r d e r  t o  p reven t  e l e c t r o -  

s t a t i c  pickup. F igure  8 i s  a photograph of t h e  complete  t e s t  

s e t u p  i n  use. 

4 .1 .1  R e s u l t s  

F igu res  9 through 13 a r e  photographs of t h e  o s c i l l o s c o p e  

traces made under v a r i o u s  c o n d i t i o n s  of i l l u m i n a t i o n  of bo th  graded 

base  and c o n t r o l  c e l l s .  F igu res  9, 10 and 11 were ob ta ined  on a 

mesa e t ched  from a p o r t i o n  of a graded base ce l l .  F i g u r e  9 shows 

t h e  trace ob ta ined  when t h e  c e l l  was i l l u m i n a t e d  w i t h  1 microsecond 

p u l s e  of l i g h t  on i t s  f r o n t  su r f ace .  F igu res  10 and 11 show t h e  

r e s u l t s  ob ta ined  w i t h  t h e  same specimen when i t  was i l l u m i n a t e d  

from t h e  back. I n  F igu re  10 no f i l t e r  was used, bu t  i n  F igu re  11, 

a Corning CS4-97 f i l t e r ,  which i s  a b lue-green  f i l t e r  having z e r o  

t r a n s m i s s i o n  i n  t h e  nea r  i n f r a r e d ,  w a s  i n t e r p o s e d  i n  t h e  o p t i c a l  

p a t h .  I t  w i l l  be n o t i c e d  t h a t  t h e r e  i s  no d i f f e r e n c e  i n  t h e  

g e n e r a l  c h a r a c t e r i s t i c  of t h e  curve between F igs .  10 and 11. It 

w i l l  a l s o  be seen  t h a t  t h e  t i m e  r equ i r ed  f o r  t h e  ou tpu t  v o l t a g e  t o  

r e a c h  i t s  maximum v a l u e  i s  independent of whether  t h e  c e l l  i s  

i l l u m i n a t e d  from t h e  f r o n t  o r  the  back. It may be concluded t h a t  

t h e  measurement w a s  n o t  s u f f i c i e n t l y  s e n s i t i v e  t o  d e t e c t  t h e  t r a n s i t  

t i m e  d i f f e r e n c e  between back and f r o n t  on t h e  graded  base ce l l .  

F i g u r e s  12 and 13 show t h e  r e s u l t s  of  a similar experiment  c a r r i e d  

o u t  on a specimen from a c o n t r o l  o r  uniform base  c e l l .  I n  t h i s  
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FIG. 8 TEST SETUP 
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Vertical .05 volts/division 
Horizontal .2 p,s/division 

F I G .  9 GRADED BASE C E L L  ILLUMINATED FROM 
FRONT 

Vertical .05 volts/division 
Horizontal .02 ps/division 

FIG. 10 GRADED BASE CELL ILLUMINATED FROM 
BACK (Unfiltered light) 

Vertical .005 volts/division 

FIG. 11 GRADED BASE CELL ILLUMINATED FROM 
BACK (Filtered light) 
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Vertical 0 . 2  volts/division 
Horizontal 0.2 p,s/division 

FIG. 12 CONTROL CELL ILLUMINATED FROM 
FRONT (Unfiltered light) 

Vertical .02 volts/division 
Horizontal 0.5 p,s/division 

FIG. 13 CONTROL CELL ILLUMINATED FROM 
BACK (Unfiltered light) 
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4 .2  C e l l  E f f i c i e n c y  Measurements 

Large d i s c r e p a n c i e s  were found between c e l l  e f f i c i e n c y  

measurements made a t  STL u n d e r t u u g s t e n l i g h t  and t h o s e  made a t  

E l e c t r o - O p t i c a l  Systems, Inc . ,  on t h e  same c e l l s  i n  t h e  s u n l i g h t .  

These d i s c r e p a n c i e s  were t o o  l a r g e  t o  be exp la ined  by t h e  d i f f e r e n c e  

i n  t h e  s p e c t r a l  con ten t  of t h e  l i g h t .  An i n v e s t i g a t i o n  w a s  t h e r e f o r e  

made of t h e  measuring s e t u p  a t  E l e c t r o - O p t i c a l  Systems. I t  w a s  

determined t h a t  two causes  were l ead ing  t o  e r r o r .  F i r s t  of t h e s e  

w a s  t h a t  t h e  subtended a n g l e  of t h e  t u b e  which c o l l i m a t e d  t h e  l i g h t  

f a l l i n g  on t h e  c e l l  under t es t  w a s  d i f f e r e n t  from t h e  subtended 

a n g l e  of t h e  c o l l i m a t i o n  tube  a t t a c h e d  t o  t h e  py rhe l iome te r .  T h i s  

w a s  c o r r e c t e d  as was t h e  second f a u l t  which w a s  shadowing of t h e  

c e l l  by t h e  c o n t a c t  j i g .  A modified j i g  was made which avoided  t h i s  

problem. 

F i f t y - f i v e  c e l l s  were measured i n  t h e  modi f ied  s e t u p .  Of 

these ,  f i f t e e n  had e f f i c i e n c i e s  l e s s  t h a n  919, twenty-two had 

e f f i c i e n c i e s  between 9 and lo$, and twelve had e f f i c i e n c i e s  g r e a t e r  

t h a n  10%. 

t h e  9 t o  11% range. F o r t y - f i v e  c e l l s  which had p r e v i o u s l y  been 

measured i n  s u n l i g h t  i n  t h e  E l e c t r o - O p t i c a l  Systems pa rk ing  l o t  

were taken  t o  Table Mountain and t h e i r  e f f i c i e n c i e s  were measured 

on t h e  2nd of October. 

t h e  park ing  l o t  exceeded t h a t  measured on t h e  mountain by .027%. 

The s t anda rd  e r r o r  of t h i s  mean v a l u e  w a s  c a l c u l a t e d  and found t o  

be .08$, t h u s  app ly ing  a Student  t tes t ,  a t v a l u e  e q u a l  t o  . 3 3  

w a s  found. 

f i c a n t l y  d i f f e r e n t  from z e r o .  

Of t h e s e  c e l l s ,  n i n e  were p on n having  e f f i c i e n c i e s  i n  

The average  of t h e  e f f i c i e n c i e s  measured i n  

T h i s  d i f f e r e n c e  of mean v a l u e s  was t h e r e f o r e  n o t  s i g n i -  
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4.3 I r r a d i a t i o n  N on P 

During t h e  p a s t  month t h r e e  groups  of c e l l s  were s u b j e c t  

t o  1 Mev e l e c t r o n  r a d i a t i o n  and F igures  14,15 and 16 show t h e  s h o r t  

c i r c u i t  c u r r e n t  d e n s i t y  a s  a f u n c t i o n  of t h e  e l e c t r o n  f l u x  f o r  t h e  

c e l l s  when t h e y  were i l l u m i n a t e d  wi th  2800.K l i g h t .  F i g u r e s  1 7  and 

18 show r e s u l t s  on two o t h e r  groups of ce l l s .  These r e s u l t s  have 

been r e p o r t e d  p rev ious ly  and are reproduced h e r e  f o r  convenience 

of d i s c u s s i o n .  I n  each  case t h e  d a t a  h a s  been p l o t t e d  on t h e  basis  

of a c e l l  having a t o t a l  area of 1 cm2 w i t h  a n  a c t i v e  area of 

F igu re  14 shows t h e  r e s u l t s  ob ta ined  on t w c  groups of c o n t r o l  c e l l s  

and i s  shown i n  ove r l ay  form f o r  ready comparison w i t h  t h e  r e s u l t s  

shown i n  F igs .  15 through 18. These two groups were processed  s imul-  

t aneous ly  on 25 ohm cm p-type s i l i c o n  and have a uniform base r eg ion .  

2 0.8 c m  

The o b j e c t  of o b t a i n i n g  t h e s e  r e s u l t s  w a s  twofold.  A t  t h e  

p r e s e n t  t i m e  t h e r e  h a s - n o t  been made a v a i l a b l e  t o  us any pub l i shed  

d a t a  on t h e  r a d i a t i o n  r e s i s t a n c e  of n on p c e l l s  f a b r i c a t e d  on h i g h  

r e s i s t i v i t y  m a t e r i a l  and t e s t e d  under 2800'K i l l u m i n a t i o n .  It w a s  

dec ided  t h e r e f o r e  t o  p repa re  such c e l l s  h a v i n g t w o t h i c k n e s s e s  of 

base  r eg ion ,  namely 12 m i l s  which would be t y p i c a l  of normal c e l l  

c o n s t r u c t i o n ,  and 4 m i l s  which i s  comparable w i t h  t h e  t h i c k n e s s  of 

t h e  material used i n  t h e  graded base c e l l .  

similar groups of c e l l s  on 1 ohm cm n-type s i l i c o n  by i d e n t i c a l  

p rocess ing  i n  o rde r  t h a t  f u r t h e r  comparat ive r e s u l t s  may be 

ob ta ined .  The i n i t i a l  s h o r t  c i r c u i t  c u r r e n t s  on t h e  t h i c k e r  ba t ch  

of c e l l s  werecons ide rab ly  h ighe r  t han  t h o s e  o n  t h e  t h i n  c e l l s  due 

t o  t h e  f a c t  t h a t  i n  t h e  u n i r r a d i a t e d  c o n d i t i o n  t h e  d i f f u s i o n  l e n g t h  

i n  t h e  t h i n  c e l l s  i s  comparable wi th  t h e  c e l l  t h i c k n e s s ,  t h u s  t h e  

c o l l e c t i o n  e f f i c i e n c y  from t h e  base r e g i o n  would be reduced l e a d i n g  

It i s  planned t o  make 

t o  a lower s h o r t  c i r c u i t  c u r r e n t .  
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Figure  14 c l e a r l y  shows t h e  dange r s  of e v a l u a t i n g  t h e  

r e s u l t s  i n  terms of r a t i o s  of i n i t i a l  t o  f i n a l  s h o r t  c i r c u i t  c u r r e n t .  

I f  eva lua ted  on t h i s  b a s i s ,  t h e  t h i n  c e l l s  would show s u p e r i o r  

performance. However, we see t h a t  by t h e  t i m e  t h e  c e l l s  have been 

sub jec t ed  t o  a f l u x  of 5 x 1015 e l e c t r o n s  pe r  cm , t h e  s h o r t  c i r c u i t  

c u r r e n t  of t h e  two groups  of c e l l s  i s  a lmost  t h e  same. Comparing 

t h e  resu l t s  of the  c o n t r o l  c e l l s  w i t h  t h e  graded  base c e l l s ,  w e  see 

t h a t  i n  two of t h e  c a s e s  f o r  an i r r a d i a t i o n  l e v e l  of 5 x t h e  

performance of the graded base c e l l s  was approximate ly  t h e  same as 

t h a t  of t h e  c o n t r o l  c e l l s ;  whereas i n  t h e  remain ing  two cases, t h e  

s h o r t  c i r c u i t  c u r r e n t  of t h e  graded base c e l l s  w a s  approximate ly  

a f a c t o r  o r  two h i g h e r  t h a n  t h a t  of t h e  c o n t r o l  c e l l s .  

2 

4.4 I r r a d i a t i o n  of P on N 

A t  t h e  t e c h n i c a l  m o n i t o r ' s  s u g g e s t i o n  i t  w a s  dec ided  t o  

i r r a d i a t e  some graded base p on n c e l l s .  It w a s  f e l t  t h a t  i f  t h e s e  

showed an improvement i n  r a d i a t i o n  r e s i s t a n c e  compared w i t h  con- 

v e n t i o n a l  p on n c e l l s ,  a convinc ing  demons t r a t ion  of t h e  a p p l i c a b i l i t y  

of the  graded base concept of t h e  f a b r i c a t i o n  of r a d i a t i o n  r e s i s t a n t  

s o l a r  c e l l s  would r e s u l t .  Three p on n graded  base c e l l s  were s u b j e c t  

t o  1 Mev e l e c t r o n  r a d i a t i o n  i n  t h e  Van de Gra f f  a c c e l e r a t o r  a t  STL. 

The resu l t s  of t h i s  experiment are shown i n  F i g u r e  19. The s h o r t  

c i r c u i t  c u r r e n t  of t h e  c e l l s  when i l l u m i n a t e d  by t u n g s t e n  l i g h t  i s  

p l o t t e d  a s  a f u n c t i o n  of t h e  i n t e g r a t e d  e l e c t r o n  f l u x  d e n s i t y ;  t h e  

two s o l i d  l i n e s  shown on t h i s  curve  r e p r e s e n t  t h e  performance 

e x h i b i t e d  by the  m a j o r i t y  of p on n commercial s o l a r  c e l l s  and t h e  

d o t t e d  l i n e  i n d i c a t e s  t h e  performance of t h e  b e s t  p on n commercial 

c e l l .  It may be observed t h a t  even though t h e  graded base ce l l s  

s t a r t e d  off w i t h  i n i t i a l l y  sma l l e r  s h o r t  c i r c u i t  c u r r e n t s  t h a n  

those  of t y p i c a l  commercial c e l l s ,  t h e s e  e x p e r i m e n t a l  c e l l s  e x h i b i t e d  

a cons ide rab ly  improved r a d i a t i o n  r e s i s t a n c e  compared w i t h  c o m e r c i a l  

p on n c e l l s .  

{ 
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4.5 Conclusions 

The r e s u l t s  d i scussed  above i n d i c a t e  t h a t  t h e  graded base  

s t r u c t u r e  i s  a f f e c t i n g  t h e  t r a n s p o r t  p r o p e r t i e s  of m i n o r i t y  carr iers  

i n j e c t e d  i n t o  t h e  base r e g i o n  of t h e  ce l l s .  The r e s u l t s  of t h e  

e l e c t r o n  i r r a d i a t i o n  exper iments  would a l s o  i n d i c a t e  t h a t  t h e  p e r -  

formance of t h e  c e l l s  when sub jec t ed  t o  1 Mev e l e c t r o n  bombardment 

i s  a t  l e a s t  as good and may be s u p e r i o r  t o  t h a t  r e p o r t e d  on o t h e r  

s i l i c o n  ce l l s .  
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5. MEETINGS AND PUBLICATIONS 

A meet ing w a s  h e l d  on August 9 t h  w i t h  t h e  t e c h n i c a l  moni tor  a t  

E l e c t r o - O p t i c a l  Systems, Inc .  Methods of f a b r i c a t i o n  of graded base 

c e l l s  were demonstrated and d i s c u s s i o n s  took  p l a c e  on t h e  p r o g r e s s  

of t h e  program and p l ans  w e r e  made f o r  f u t u r e  work. 

A meeting was h e l d  a t  NASA Headquarters  on October  25th.  

P r e s e n t  w a s  t h e  t e c h n i c a l  moni tor  and M r .  J. Mandlekorn of NASA and 

D r .  M. B. P r ince  and M r .  S. Kaye of E l e c t r o - O p t i c a l  Systems. A t  

t h i s  t i m e  a n  a t t e m p t  was made t o  see i f  any  c o r r e l a t i o n  could  be 

ob ta ined  between t h i s  d a t a  and d a t a  obta ined  a t  o t h e r  l a b o r a t o r i e s .  

The conc lus ions  reached  were t h a t  due t o  t h e  d i f f e r e n t  methods of 

e v a l u a t i o n  of t h e  c e l l s ' a f t e r  i r r a d i a t i o n ,  it w a s  n o t  p o s s i b l e  t o  

o b t a i n  a v a l i d  comparison of d a t a .  I n  view of t h i s  d i f f i c u l t y  it 

was dec ided  t o  p l a c e  more emphasis on t h e  t h e o r e t i c a l  a s p e c t s  of 

t h e  work du r ing  t h e  l a s t  p a r t  of t h i s  s tudy .  

A paper  w a s  p repared  by S. Kaye, 1.Weimanand W .  V. Wright 

d e s c r i b i n g  much of t h e  work which had been done on t h i s  p r o j e c t .  

The paper  was p resen ted  a t  t h e  Space Power Systems Conference 

sponsored by t h e  American Rocket S o c i e t y  which was h e l d  i n  Santa  

Monica, C a l i f o r n i a  from September 25 through 28th.  A number of 

pape r s  of i n t e r e s t  i n  connec t ion  w i t h  t h e  p r e s e n t  work w e r e  p re sen ted  

a t  t h i s  conference .  Inc luded  among t h e s e  w a s  a paper  by R.  F i s c h e l  

of t h e  Applied Phys ic s  Laboratory of Johns-Hopkins, d e s c r i b i n g  t h e  

e f f e c t s  observed due t o  t h e  a r t i f i c i a l  r a d i a t i o n  b e l t  produced by t h e  

r e c e n t  h i g h  a l t i t u d e  Johns ton  I s l a n d  tes t .  The e f f e c t s  of t h i s  
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a r t i f i c i a l  r a d i a t i o n  b e l t  a r e  most n o t i c e d  by v e h i c l e s  f l y i n g  i n  

low a l t i t u d e  e q u a t o r i a l  o r b i t s  and i n  t h i s  case t h e  damage ra te  h a s  

been inc reased  as much as a hundredfo ld .  A paper  by J .  M. Denney, 

STL, e n t i t l e d  'The E f f e c t  of Space Environment on t h e  P h o t o v o l t a i c  

Cel l "  d e a l t  mainly w i t h  t h e  e f f e c t  of h i g h  energy  p r o t o n  bombardment 

on s o l a r  c e l l s  and t h e  ensuing  dependence on d i f f u s i o n  l e n g t h  on t h e  

i n c i d e n t  l i g h t  l e v e l .  

was he ld  t o  d i s c u s s  t h e  problem of r a d i a t i o n  damage on space v e h i c l e  

power s u p p l i e s .  The r e s u l t s  of t h e  p a n e l  d i s c u s s i o n s  may be summar- 

i z e d  b r i e f l y  a s  fo l lows:  Desp i t e  t h e  i n c r e a s e d  r a d i a t i o n  levels 

a r i s i n g  from t h e  a r t i f i c i a l  r a d i a t i o n  b e l t ,  i t  i s  p o s s i b l e  t o  d e s i g n  

s o l a r  c e l l  power systems f o r  o r b i t a l  v e h i c l e s  which w i l l  be capab le  

of ope ra t ing  over  extended p e r i o d s  of t i m e .  

I n  a d d i t i o n  t o  t h e s e  papers  a pane l  d i s c u s s i o n  
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6. FUTURE WORK 

1. F a b r i c a t e  and s u b j e c t  t o  i r r a d i a t i o n  such f u r t h e r  c e l l s  

as  may be decided upon a f t e r  d i s c u s s i o n  w i t h  t h e  t e c h n i c a l  moni tor .  

2.  Conduct a more e x a c t  and t h e o r e t i c a l  s tudy  of t h e  mechanism 

involved  i n  t h e  graded base c e l l  and compare t h e  r e s u l t s  of t h i s  

c a l c u l a t i o n  w i t h  those  obta ined  by r a d i a t i o n  s t u d i e s .  
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